The seed of Coffea arabica accumulates large amounts of cell wall storage polysaccharides (CWSPs) of the mannan family in the cell walls of the endosperm. The variability induced by the growing environment and extensive pairwise correlation analysis with stringent significance thresholds was used to investigate transcript-transcript and transcript-metabolite relationships among 26 sugar-related genes, and the amount of CWSPs and seven soluble low molecular weight carbohydrates in the developing coffee endosperm. A dense module of nine quantitatively co-expressed genes was detected at the mid-developmental stage when CWSPs accumulate. This module included the five genes of the core galactomannan synthetic machinery, namely genes coding for the enzymes needed to assemble the mannan backbone (mannan synthase, ManS), and genes that introduce the galactosyl side chains (galactosyltransferase, GMGT), modulate the post-depositional degree of galactose substitution (α-galactosidase), and produce the nucleotide sugar building blocks GDP-mannose and UDP-galactose (mannose-1P guanyltransferase and UDP-glucose 4'-epimerase, respectively). The amount of CWSPs stored in the endosperm at the onset of their accumulation was primarily and quantitatively modulated at the transcriptional level (i.e. positively correlated with the expression level of these key galactomannan biosynthetic genes). This analysis also suggests a role for sorbitol and raffinose family oligosaccharides as transient auxiliary sources of building blocks for galactomannan synthesis. Finally, a microarray-based analysis of the developing seed transcriptome revealed that all genes of the core galactomannan synthesis machinery grouped in a single cluster of 209 co-expressed genes. Analysis of the gene composition of this cluster revealed remarkable functional coherence and identified transcription factors that putatively control galactomannan biosynthesis in coffee.
Introduction
Seeds characteristically store large amounts of reserves to nourish the germinating embryo and the growing seedling until it can establish itself as an autotrophic plant. The most widespread seed storage carbohydrate is starch. However, a substantial number of albuminous seeds do not store intracellular starch but accumulate polysaccharides of the mannan family in the cell walls of the endosperm (Otegui, 2007; Buckeridge, 2010) . This original feature is found in both monocots (e.g. oil palm, date palm, and ivory nut) and dicots (coffee, carob, guar, and fenugreek are frequently cited examples). These seeds, which retain a living cellular endosperm at the mature stage and accumulate cell wall storage polysaccharides (CWSPs) in the endosperm, are quite common in certain families, including Arecaceae and Fabaceae.
In addition to being reserve compounds, CWSPs of the mannan family are said to play other roles in the seed (for reviews, see Buckeridge et al., 2000; Buckeridge, 2010) : (i) they may confer high hardiness and resistance to mechanical damage; (ii) they may also contribute to water buffering during post-imbibition drought; and (iii) they may control radicle protrusion. In endospermic legumes, CWSPs usually represent 10-25% of the dry mass (DM) of the mature seed (Buckeridge et al., 1995) , but the proportion can be considerably higher in other species: for instance, in coffee, CWSPs represent 50-55% of seed DM (Redgwell et al., 2003) . With its copious endosperm (99% of the seed mass), the coffee seed is thus a valuable model to investigate the metabolism of CWSPs in albuminous seeds.
The CWSPs stored in albuminous seeds are generally galactomannans and, to a lesser extent, pure mannans and glucomannans (Buckeridge, 2010) . Galactomannans predominate in the coffee seed, where they represent ~50% of the CWSPs (Redgwell and Fischer, 2006) . Galactomannans consist of a linear mannose backbone with galactose side groups. The ratio of mannose to galactose in endosperm galactomannans varies considerably among species. For instance, it is 1:1 in fenugreek and 20:1 in tobacco (Reid et al., 2003) . In the developing coffee seed, galactomannans are synthesized at mid-development in a relatively short period (Redgwell et al., 2003; Joët et al., 2009) and are deposited in a highly specialized thickened secondary cell wall (Sutherland et al., 2004) . There is a spectacular decrease in the degree of galactosyl substitution during the period of CWSP accumulation in the developing coffee endosperm (Redgwell et al., 2003) .
The three enzymes needed to synthesize galactomannans, as well as their encoding genes, have now been isolated and functionally characterized (Farrokhi et al., 2006; Sandhu et al., 2009) : mannan synthase (ManS), which produces the β-1,4-linked mannan backbone (Dhugga et al., 2004) , galactosyltransferase (GMGT), which catalyses the transfer of galactosyl residues from UDP-galactose to the mannan backbone to assemble the galactosyl side chains (Edwards et al., 1999) , and α-galactosidase (α-Gal), which modulates the post-depositional degree of galactose substitution (Edwards et al., 1992; Joersbo et al., 2001) . The ManS and GMGT enzymes are located in the Golgi vesicles and are believed to work together very closely (Edwards et al., 2004) . These genes have recently been cloned in coffee (Marraccini et al., 2005; Pre et al., 2008) and their transcription peak was shown to coincide with the onset of CWSP accumulation in the developing coffee endosperm (Joët et al., 2009) . Again, this makes the coffee seed a useful system to investigate the transcriptional regulation of CWSP metabolism in albuminous seeds.
While considerable progress has been made in elucidating the mechanisms involved in the degradation of CWSPs, which occurs during the germination of albuminous seeds (Buckeridge et al., 2000; Buckeridge, 2010) including coffee (Marraccini et al., 2001 (Marraccini et al., , 2005 , our understanding of CWSP biosynthesis remains incomplete (Dhugga, 2012) . However, transcriptome analysis of developing guar (Naoumkina et al., 2007) and fenugreek seeds has advanced our understanding of the metabolism of galactomannans in albuminous seeds. Moreover, thanks to several recent studies, the metabolism of soluble sugars in the developing coffee seed is now better understood (Geromel et al., 2006; Privat et al., 2008; Joët et al., 2009) . These studies revealed that, in the coffee seed, sugar metabolism not only has common features, such as significant accumulation of sucrose during late maturation (Peterbauer and Richter, 2001 ), but also has some distinctive traits. In particular, transient accumulation of sorbitol and raffinose family oligosaccharides (RFOs), such as raffinose and stachyose, was observed during endosperm development. These sugars were thus thought to serve as temporary forms of storage carbohydrates for the synthesis of GDP-mannose (GDP-man) and UDP-galactose (UDP-gal), the CWSP building blocks (Joët et al., 2009) , but this hypothesis remains to be validated.
The simultaneous profiling of transcripts and metabolites was shown to be an efficient way to investigate the metabolism of storage compounds in seeds (Fait et al., 2006; Joët et al., 2009) . In particular, introducing a source of variation at both the transcript and metabolite level, by increasing either the number of genotypes studied or the number of environments tested, has helped decipher gene co-expression and gene-metabolite networks at a quantitative level by regression analysis of large data sets Stitt et al., 2010) . This approach may also help determine whether all the genes of a given pathway operate as a regulon-a set of co-expressed genes under common transcriptional regulation-or if a restricted number of biosynthetic steps drive the whole pathway. Analysis of Pearson correlations between transcripts and metabolites is also an original way of identifying quantitative trait transcripts (QTTs) (Passador-Gurgel et al., 2007) which correspond to key transcriptional control points for metabolite synthesis. For instance, natural genetic variation has recently been used in maize as a tool to detect QTTs for carotenoid accumulation (Vallabhaneni and Wurtzel, 2009) , while different growing environments have been shown to provide enough variation in transcript and metabolite data sets to identify the metabolic networks which govern chlorogenic acid accumulation in the coffee seed (Joët et al., 2010) . In the present work, this approach provided a better description of the regulation of CWSP synthesis in the developing coffee seed. In the second step of the investigation, the transcriptome of the developing coffee seed was examined to reveal novel genes involved in CWSP deposition and, in particular, transcription factors that may govern galactomannan biosynthesis.
Materials and methods

Biological material
Experiments were performed on seeds of Coffea arabica cv 'Laurina' in Reunion Island according to a previously described experimental design (Joët et al., 2010) . The experimental plots were planted in 2003 without shade and were in their second year of production in 2006. Plant spacing was 2 m between rows and 1 m within rows. Among the 107 experimental plots located throughout the island, 16 were selected to maximize variation in elevation (270-1032 m asl) and climatic conditions (Supplementary Table S1 available at JXB online). The survey unit was a compact plot containing 240 coffee trees. The seven developmental stages investigated are described in Salmona et al. (2008) : ST1 (30-60 days after flowering, DAF); ST2 (60-90 DAF), seed mainly formed of aqueous perisperm; ST3 (90-120 DAF), aqueous endosperm tissue growing and progressively replacing the perisperm in the locule; ST4 (120-150 DAF), soft milky endosperm; ST5 (150-210 DAF), hard white endosperm while the remaining perisperm resembles a thin green pellicle surrounding the endosperm; ST6 (210-240 DAF), seed from ripening cherry fruits with pericarp turning yellow; ST7 (>240 DAF), mature seed from cherry fruits with red pericarp turning purple. After cutting the fruit into cross-sections, the stage of development of each fruit was determined using morphological criteria (Salmona et al., 2008; Joët et al., 2009) . The fruit was then immediately frozen in liquid nitrogen in the field and later stored at -80 °C. The seed was separated from fruit tissues after freeze-drying only to avoid rapid oxidation of the dissected fresh material. The endosperm represented ~50% of seed DM at stage 3, >80% at stage 4, and 99% at stages 5, 6, and 7. For each of the five developmental stages studied, three independent biological samples (pools of 200 seeds) were collected at intervals of a few days from 20 trees randomly selected in each experimental plot.
Meteorological observations
Reunion Island hosts a dense meteorological network of >50 automated stations dedicated to sugarcane agronomy (this network is under the supervision of Meteo France and CIRAD). Climatic conditions (temperature, rainfall, total irradiance, and potential evapotranspiration) were estimated for each plot from records made at the nearest meteorological stations and corrected to take the difference in altitude into account (Supplementary Table S1 at JXB online). Temperatures were also recorded locally (under the coffee canopy) using portable temperature recorders.
Real-time RT-PCR
The three independent biological samples were pooled. RNA was then extracted twice, and real-time reverse transcription-PCR (RT-PCR) was carried out in duplicate for each extract, leading to four replicates per developmental stage for each gene tested. Total RNA extraction and real-time RT-PCR assays were performed as previously described (Salmona et al., 2008) . Briefly, first-strand cDNA synthesis was performed using the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA) using 1 μg of total RNA (treated with RNase-free DNase I, Promega) as a template. PCRs were carried out in an optical 96-well plate with an ABI PRISM ® 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA), using SYBR ® Green to monitor double-stranded DNA synthesis. Data were analysed using the SDS 2.1 software (Applied Biosystems) to determine cycle threshold (Ct) values. PCR efficiency (E) was estimated for each gene with LinReg software (Ramakers et al., 2003) and taken into account in all subsequent calculations. In order to obtain an accurate internal normalizer, the expression stability of five potential reference genes was compared (actin, ubiquitin UBQ10, cyclophylin, spermidine synthase, and 40S ribosomal protein; Supplementary Table S2 at JXB online). Using GeNorm software (Vandesompele et al., 2002) , UBQ10 was shown to be the most stable, as previously demonstrated on similar tissues (Salmona et al., 2008) . However, post-hoc analysis also revealed that the mean expression of the 80 genes tested on this biological material (Joët et al., 2010) was the best normalizer to correct expression data for differences between samples (such as cellular input, RNA quality, and reverse transcription efficiency), provided the inter-PCR run effect is negligible (de Kok et al., 2005) . As the inter-PCR run effect tested by the use of UBQ10 in each plate was considered negligible, normalization was performed in this way. Relative expression rates of target gene transcripts were then calculated (Supplementary Table S1 at JXB online). The following comparisons were made: ST1-reference, ST2-reference, ST3-reference, ST4-reference, ST5-reference, ST6-reference, and ST7-reference, where the reference corresponds to an equimolar RNA mix of all stages. A total of 42 slides were used [3 (replicates)×2 (dye)×7 (stages)].
The microarrays were performed at the MGX transcriptomic platform (Montpellier-GenomiX, Institut de Génomique Fonctionnelle, Montpellier) using the protocols described in Privat et al. (2011) . For the preparation of the labelled Cy3-and Cy5-aRNA target, 1 μg of the total RNA samples was amplified and labelled using the Amino Allyl Message Amp II aRNA Amplification Kit (Ambion, Austin, TX, USA), according to the manufacturer's instructions. Prior to hybridization, oligonucleotides were cross-linked to the slides by UV irradiation at 100 mJ and the excess was removed from the arrays by washing them twice in 0.2% SDS for 1 min. Arrays were then washed twice in distilled water. The two labelled aRNAs were added to Microarray Hybridisation Buffer Version 2 (GE HealthCare, St Catharines, Ontario, Canada) in a final concentration of 50% formamide, denatured at 95 °C for 3 min, and applied to the microarrays in individual chambers of an automated slide processor (GE HealthCare). Hybridization was carried out at 37 °C for 12 h. Hybridized slides were successively washed with 1× saline sodium citrate (SSC), 0.2% SDS at 37 °C for 10 min, twice with 0.1× SSC, 0.2% SDS for 10 min, with 0.1× SSC for 1 min, and with isopropanol before air drying. Microarrays were immediately scanned at 10 μm resolution in both Cy3 and Cy5 channels using the GenePix 4200AL Scanner (Molecular Devices, Silicon Valley, CA, USA) with variable photomultiplier tube (PMT) settings to obtain maximum signal intensities with <0.1% probe saturation. ArrayVision ® software (GE HealthCare) was used for feature extraction. Spots with a high local background or contamination fluorescence were flagged manually. A local background was calculated for each spot as the median values of the fluorescence intensities of four squares surrounding the spot.
Determination of soluble low molecular weight carbohydrates and cell wall material
Low molecular weight carbohydrates, hereafter also termed 'sugars', were extracted and measured by high-performance anion exchange chromatography coupled with pulsed amperometric detection (HPAEC-PAD) as described in Dussert et al. (2006) . Briefly, ~50 mg (the exact weight was recorded) of freeze-dried powder were homogenized in 3 ml of 80% (v/v) ethyl alcohol containing lactose (250 mg ml -1 ) as internal standard. The mixture was heated for 20 min at 80 °C, during which it was vortexed four times. After cooling in an ice bath, the mixture was centrifuged at 3320 g at 4 °C for 15 min. A 2.5 ml aliquot of the supernatant was collected and dried under reduced pressure in a Speed-Vac concentrator (Jouan RC1010, Saint-Herblain, France). Dried extracts were then dissolved in 9 ml of distilled water and filtered (0.22 μm pore diameter) before analysis. Sugars were quantitated by HPAEC-PAD (Dionex Chromatography Co., Sunnyvale, CA, USA). Sugars were separated on a CarboPac PA-1 (Dionex) column using an isocratic 60 mM NaOH elution at 1 ml min -1
. Sugar contents were determined by comparison with retention times and calibration curves obtained with sugar standards. They were determined in triplicate (from three different extracts) using a completely random experimental design.
The defatted alcohol-insoluble residue (DAIR) was determined using a method adapted from Redgwell and collaborators (Redgwell et al., 2003) . About 200 mg (the exact weight was recorded) of freeze-dried powder were homogenized in 5 ml of 80% (v/v) ethyl alcohol. The mixture was heated at 80 °C for 20 min, during which it was vortexed four times. After being cooled in an ice bath, the mixture was centrifuged at 3320 g at 4 °C for 15 min. The supernatant was discarded and the pellet was treated a second time using the same procedure. Lipids were then extracted from the residue twice by homogenizing the pellet in 5 ml of methylene chloride/methanol (2:1), prior to centrifugation at 3320 g for 15 min and removal of the supernatant. After evaporation to dryness under nitrogen at 40 °C, the DAIR was quantified gravimetrically and determined in triplicate using a completely random experimental design.
Statistics
Correlations between climatic variables, and transcript and metabolite levels were analysed by linear regression using Pearson's correlation coefficient. Analyses were carried out using Statistica ( © Statsoft, Tulsa, OK, USA). The different significance thresholds (P < 0.05, 0.01, or 0.001) are indicated in the Results where necessary. The Pearson correlation coefficients of the standardized expression profiles were also used to draw unweighted co-expression networks among carbohydrate genes using an R cut-off of 0.8 with a significance threshold of P=0.001.
All microarray analyses were performed using Bioconductor (www.bioconductor.org), an open development software project for the analysis and comprehension of genomic data. Tests of differential expression were conducted using the Limma Package (Linear Models for Microarray Data; Wettenhall and Smyth, 2004) . A unigene was considered differentially expressed during development when at least one of the six stage transitions exhibited significant differential expression at P (false discovery rate) ≤0.01. Hierarchical clustering analysis (HCA) was used to group genes according to their transcription profile using the tool developed by Eisen et al. (1998;  http://rana.lbl.gov/eisen/). Gene ontology (GO) annotation was performed using Blast2GO software (Götz et al., 2008) with default parameters. Fisher's exact test was then used to evaluate the significance of GO term enrichment in any gene subset in comparison with the whole set of genes represented on the microarray.
Results
The environment modulates the endosperm sugar composition during CWSP deposition
Changes in mono-, di-, and oligosaccharide, sugar alcohol, and CWSP contents were investigated in the developing endosperm using seed samples collected in 16 experimental plots chosen to represent a very broad temperature gradient (Supplementary Table S1 at JXB online), which was highly correlated with altitude (R > 0.9; P < 0.0001). For each sugar analysed, the overall accumulation profile was very similar among locations, and also resembled patterns reported in previous studies (Rogers et al., 1999; Joët et al., 2009) , providing evidence that carbohydrate metabolism is primarily controlled by major developmental factors.
The main features of this metabolism were (Fig. 1A) : (i) a sharp decline in glucose, fructose, and myo-inositol contents at early stages of endosperm development; (ii) a transient but marked accumulation of raffinose, stachyose, and sorbitol at mid-development (stages 4-5); (iii) a massive deposition of CWSPs, often termed 'endosperm hardening', during the same developmental period (stages 4-5); and (iv) the presence of high levels of sucrose throughout endosperm development.
Besides developmental effects, the metabolism of carbohydrates was also highly influenced by the environment during mid-development CWSP deposition (Fig. 1A) . Most sugars indeed displayed very high variability among locations at stages 4 and 5. Moreover, significant relationships between the mean average air temperature and sugar contents were observed at these stages (significant positive and negative correlations are shown in Fig. 1A ). RFOs and sorbitol contents, as well as glucose and myo-inositol contents, were negatively correlated with temperature at stage 5. In contrast, the levels of sucrose and CWSPs during this period were positively correlated with temperature. In other words, cool climates delay the biosynthesis of CWSPs and favour the transient accumulation of RFOs and sorbitol. These results suggest that the metabolism of CWSPs, RFOs, and sorbitol could be tightly interconnected at mid-development. Additionally, the remarkable variation in the composition of endosperm sugar induced by the growing environment provides a valuable opportunity to improve our understanding of the biosynthesis of CWSPs through the analysis of metabolitemetabolite, transcript-metabolite, and transcript-transcript relationships.
The origin of CWSP building blocks as inferred by between-metabolite analysis
To identify the sugars that may serve as sources for the synthesis of CWSP building blocks (nucleotide sugars), correlations between metabolites were analysed by linear regression (Fig. 1B) . Whereas no significant correlation was found between CWSPs and soluble sugars at early stage 3, highly significant negative correlations between the amount of CWSP and glucose, fructose, myo-inositol, and sucrose contents were detected at stage 4 (Fig. 1B) . These results point to a tight link between early CWSP biosynthesis (stages 3-4) and mobilization of the pool of hexoses and myo-inositol in the growing endosperm. In contrast, during the time window for maximum CWSP biosynthetic activity (stages 4-5), there was a highly significant negative correlation between the level of CWSPs and the amounts of RFO, and, to a lesser extent, with sorbitol content (Fig. 1B) . This finding suggests a novel role for RFOs and sorbitol during peak CWSP biosynthesis as a transient auxiliary source of building blocks for CWSP synthesis. Finally, in the experimental plots in locations with cool temperatures, residual CWSP biosynthetic activity occurred between stages 5 and 6, whereas in the warmer experimental locations, final CWSP amounts were already reached at stage 5 (Fig. 1A) . The only significant correlation at this stage was with sucrose (Fig. 1A) .
Genes involved in galactomannan deposition operate as a regulon
Extensive pairwise correlation analysis with stringent significance thresholds (P < 0.001, R > 0.8) were used to investigate transcript-transcript relationships among 26 sugar-related genes in the developing coffee endosperm (genes selected in coffee genomic databases through manual expert curation; Supplementary Table S2 at JXB online). No significant relationship was detected during late stages 6 and 7, and only one significant correlation was observed at stage 3 (between SUT and UGDH, encoding a putative sucrose transporter and UDP-glucose dehydrogenase, respectively). In contrast, a dense module of nine quantitatively co-expressed genes was detected at developmental stages 4 and 5, the period when CWSPs accumulated (Fig. 2) . Correlations between transcript abundance of GMGT, ManS, and a galactinol synthase gene (GolS3) are shown in Fig. 2A to illustrate how the gene co-expression network was built. The expression profiles of the nine genes of the module are shown in Fig. 2C . As previously observed with metabolite profiles, the global pattern of expression of each of the nine genes was highly conserved in the 16 locations, suggesting that their transcription is under major developmental control. However, very high variability of transcription levels was also observed at mid-developmental stages among the growing locations studied. Such variability is required to detect significant transcript-transcript or transcript-metabolite relationships.
Analysis of the gene content of the co-expression module revealed that it included the five genes of the 'core galactomannan synthetic machinery', which encode the enzymes needed to assemble the mannan backbone (ManS), introduce the galactosyl side chains (GMGT), modulate the post-depositional degree of galactose substitution (α-Gal), and produce the nucleotide sugar building blocks GDP-man (MGT; mannose-1P guanyltransferase) and UDP-gal (UG4E; UDPglucose 4´-epimerase). The module also included SUSY1, stressing the tight transcriptional coordination between the sucrolytic activity required for nucleotide sugar production and galactomannan assembly. The expression levels of GolS3 and SDH (sorbitol dehydrogenase gene) were also significantly linked with those of key CWSP biosynthetic genes. The presence in the module of these two genes, which are key players in the metabolism of RFO and sorbitol, respectively, corroborates the significant relationships observed at the metabolite level between CWSPs, RFOs, and sorbitol (see preceding section), and therefore confirms that these metabolites play a role as transient carbohydrate reservoirs during peak CWSP synthesis. Finally, the module contained a gene encoding a cellulose synthase subunit, which is consistent with the presence of a significant amount of cellulose in the cell wall of the coffee endosperm (Redgwell and Fischer, 2006) . Finally, it is worth noting that no significant transcript-transcript relationship was detected in the other 17 sugar-related genes, either at the mid-developmental or at the other developmental stages studied (Fig. 2B) . In particular, this study draws attention to the apparent absence of any transcriptional control of sucrose metabolism.
Quantitative transcriptional control of CWSP biosynthesis
The variability caused by the growing environment at the transcription level of genes involved in CWSP synthesis and the amount of CWSPs deposited at mid-development provide a valuable basis to investigate whether CWSP biosynthesis is quantitatively modulated at the transcriptional level. Among the 26 sugar-related genes profiled (Supplementary Table S2 at JXB online), highly significant (P < 0.01) correlations between CWSP and transcript levels at mid-developmental stages were found for eight genes (Fig. 2D) . The amount of CWSP stored in the endosperm at stage 4 was positively correlated with the level of expression of the key galactomannan biosynthetic genes ManS1 and GMGT1, as well as of genes involved in the biosynthesis of their precursors, UDP-gal and GDP-man, namely UG4E and MGT (Fig. 2D) . The synchronous up-regulation of genes of the core galactomannan synthetic machinery thus appears to drive the synthesis of CWSPs. Moreover, regression analysis between transcript and metabolite data sets revealed that the amount of CWSPs at stage 4 was positively correlated with the levels of expression of GolS3 and SDH, both of which also belong to the 'CWSP regulon', again demonstrating that RFOs and sorbitol are a major pool for the synthesis of nucleotide sugars during peak CWSP synthesis. In parallel, CWSP content was found to be negatively correlated with the levels of expression of genes involved in primary wall metabolism such as UGDH and Cellulase (Fig. 2D) . This notable result highlights how nicely the sequential deposition of primary and then secondary cell wall compounds is orchestrated at the transcription level. Finally, despite the fact that sucrose plays a major role in supplying the CWSP pathway with carbon blocks and always represents a substantial proportion of endosperm dry matter, no correlation between transcripts and metabolites was found for sucrose among the 26 sugar-related genes profiled (Supplementary Table S2 ).
Identification of novel genes potentially involved in galactomannan deposition by probing the transcriptome of the developing coffee seed
Using the recently designed 15k PuceCafé oligonucleotide microarray (enriched for genes expressed in fruit and seed tissues; Privat et al., 2011) , the transcriptome of C. arabica seeds was analysed throughout their development. Among the 15 522 genes represented on the microarray, 5857 were found to be significantly up-or down-regulated between two consecutive developmental stages (false discovery rate <0.01; Supplementary Table S3 at JXB online). HCA was used to group these 5857 differentially expressed genes according to their transcription profile. HCA resulted in 26 major clusters of temporally co-expressed genes, of which four clusters (C8-C11) contained genes that peaked at stage 5, the developmental stage of interest for CWSP synthesis, according to quantitative PCR (qPCR) experiments (Supplementary Fig. S1 ). The five genes of the core galactomannan synthetic machinery (ManS1, GMGT, UG4E, MGT, α-Gal) and GolS3, which also belonged to the module of quantitatively co-expressed genes inferred from pairwise correlation analysis, were grouped in the same cluster, namely cluster C11. In comparison with genes of the three other clusters characterized by marked upregulation at stage 5 (clusters C8-C10), cluster C11 genes only displayed very low transcription levels at all the other developmental stages studied ( Supplementary Fig. S1 ). Among all the clusters obtained by HCA, cluster C11 thus contains genes which are the most likely to be involved in CWSP synthesis.
Cluster C11 contains 209 genes (Supplementary Table S4 at JXB online). The rather small size of the cluster made it possible to perform a comprehensive and detailed analysis of the literature related to homologues in other organisms of each gene in the cluster C11. In this way, a total of 36 genes were assigned a potential role in cell wall metabolism (Supplementary Table S4 ). The most relevant genes and corresponding references are listed in Table 1 . Together with the six genes belonging to the galactomannan synthesis module, the proportion of genes in cluster C11 which are likely to be involved in CWSP metabolism was therefore particularly high (20%). When genes were ranked based on the fold change in gene expression between stages 4 and 5, the proportion was even higher in the top 50 (42%) set of genes. GO term enrichment analysis of cluster C11 was also performed using Fisher's exact test (Supplementary Table S5 ). Numerous GO terms related to the plasma membrane, transmembrane transport, and the Golgi apparatus were significantly over-represented in this cluster. Accordingly, genes coding for syntaxin (SGN-U354011), golgin (SGN-U355331), and taxilin (SGN-U354186), which are all known to play important roles in Golgi vesicle secretion and fusion (Latijnhouwers et al., 2005; Leucci et al., 2007) , were identified in cluster C11 (Supplementary Table S4 ).
Detailed analysis of the gene composition of cluster C11 also identified several genes involved in the upstream synthesis and transport of activated nucleotide sugars (Table 1) , such as genes coding for a phosphomannomutase (GDP-man biosynthetic pathway, SGN-U351352), Golgi UDP-gal transporters (SGN-U350555 and SGN-U359845), a UDP-sugar pyrophosphorylase (SGN-U347280), a UDP-xylose synthase (SGN-U355437), as well as Arabidopsis SWEET genes (SGN-U347894, SGN-U351017, and SGN-U360504), which code for bidirectional sugar transporters (Chen et al., 2012) . Cluster C11 also contains two genes coding for proteins known to be directly involved in the metabolism of galactomannans: the recently characterized mannan synthesis-related protein MSR1 (SGN-U350397; Wang et al., 2013) and an endo-β-mannanase (SGN-U358279), which have both been shown to play a pivotal role in cell wall remodelling (Zhao et al., 2013) .
Cluster C11 also includes many other genes involved in the biosynthesis and modification of cell wall polysaccharides, such as those coding for Trichome Birefringence-Like proteins (SGN-U351054 and SGN-U357999), which are known to be involved in O-acetylation of hemicelluloses and in the formation of crystalline secondary wall cellulose (Bischoff et al., 2010; Gille et al., 2011) , β-glucosidase (SGN-U356996, SGN-U351276), glucan endo-1,3-β-glucosidase (SGN-U348266), and several xyloglucan-specific endoglucanase inhibitor proteins (XEGIPs; SGN-U351562, SGN-U355153). Moreover, cluster C11 contains an exostosin-like protein (SGN-U350177), whose mammalian counterpart is a glycosyltransferase involved in the biosynthesis of heparan sulphate. Heparan sulphate is a member of the glycosaminoglycan carbohydrate family, which is distributed in the extracellular matrix of most tissues in mammals (Busse et al., 2007) . Interestingly, a heparanase 1-like protein (SGN-U353513), which is a glycosyl hydrolase involved in the degradation of heparan sulphate, was also found in cluster C11, suggesting a role for these proteins in plant cell wall metabolism.
Interestingly, genes homologous to WAT1 (also known as Nodulin21) (SGN-U351220), which is required for secondary wall formation in Arabidopsis vessels (Ranocha et al., 2010) , NDR1 (SGN-U350234 and SGN-U348679), which codes for an integrin-like protein with a role in plasma membrane-cell Table 1 .
Genes putatively involved in CWSP synthesis and deposition that grouped with the five genes of the core galactomannan synthetic machinery in cluster C11 (209 genes), as inferred from hierarchical cluster analysis of the developing coffee seed transcriptome
Gene ranking is based on the fold change in gene expression between stages 4 and 5. (Knepper et al., 2011) , and TOR1 (SGN-U356713), which codes for a microtubule-associated protein that regulates the orientation of cortical microtubules and the direction of organ growth (Buschmann et al., 2004) , were also identified in cluster C11 (Table 1) . Finally, the analysis of the gene composition of cluster C11 also enabled the identification of transcription factors (TFs) that putatively control CWSP biosynthesis in coffee. This cluster contains 15 genes that code for TFs (Supplementary  Table S4 at JXB online). The four genes which were the most highly expressed at stage 5 code for an AP2 factor (DREB2, SGN-U351564), a LIM factor (SGN-U348121), and two B3 domain-containing TFs (SGN-U356882 and SGN-U348077) , of which the first one shows homology with the Arabidopsis seed maturation master regulator FUS3 (Table 1) .
Discussion
The coffee seed is a valuable model to examine the regulatory mechanisms of CWSP biosynthesis in albuminous seeds
Although CWSPs are stored in a rather wide range of plants whose seeds still contain copious endosperm at maturity, very little is known about the regulation of galactomannan metabolism compared with other major secondary wall metabolic pathways, such as that of cellulose (see, for example, Zhong et al., 2011) . The coffee seed is thus a valuable model to examine the regulation of CSWP synthesis. Indeed, it has a very copious endosperm, half of which is made up of CWSPs. This study provides a detailed description of the CWSP-related biochemical patterns along with a thorough analysis of the underlying transcriptional activities, which were combined to develop a model that describes the regulation of CWSP synthesis in albuminous seeds in accordance with that recently described in fenugreek seeds (Fig. 3) . Labelling metabolites and transcripts whose levels are negatively (blue) and positively (red) correlated with CWSP accumulation enabled direct visualization of the three major features of CWSP biosynthesis which are further discussed below: (i) RFOs and sorbitol may contribute significantly to the buffering of CWSP building blocks; (ii) the metabolism of sucrose is apparently not transcriptionally coordinated with that of CWSPs; and (iii) CWSP-related genes are quantitatively co-expressed and function as a regulon. It is important to note that these findings were obtained thanks to the variability caused by the environment at transcriptional and biochemical levels. The present study therefore again exemplifies the major potential of this novel system-level approach to examine the regulation of specific metabolic pathways in developing seeds (Vallabhaneni and Wurtzel, 2009; Joët et al., 2010 Joët et al., , 2012 .
This coordination of CWSP-related gene transcription revealed by correlation analysis of qPCR data was remarkably corroborated by the independent analysis (harvest performed on a different year) of the transcriptome of the developing coffee seed. All the genes belonging to the core galactomannan biosynthetic machinery indeed co-clustered when genes represented on the PuceCafé microarray were classified according to their transcription profile. A detailed analysis of the genes that displayed the same pattern of expression revealed that this cluster was particularly enriched in genes that either are directly involved in the metabolism of sugars but were not investigated in the qPCR experiments or were shown to play a major role in the secretion process or the cell wall formation in other organisms. Until now, most of these genes were not known to be involved in the accumulation of polysaccharides of the mannan family in the cell walls of the endosperm. Among the candidates identified from the transcriptomic study, the homologues of WAT1 and TBL-like 38 are of tremendous interest since they have been recently reported to be involved in the deposition of cellulose secondary walls in Arabidopsis stems and fibres (Bischoff et al., 2010; Ranocha et al., 2010) , and are therefore likely to play a similar role in storage galactomannan secondary walls in coffee. The remarkable functional coherence of this reduced set of genes that peaked at stage 5 and displayed no or very limited expression at the other developmental stages will also make it possible to focus further transcriptomic studies directly on the developmental step of interest for galactomannan accumulation.
Evidence for a role for RFOs and sorbitol in CWSP metabolism
The transient accumulation of RFOs observed in the coffee endosperm at mid-development is not a common feature in seeds. In contrast, RFOs usually accumulate late during seed maturation and may represent from 2% to 10% of the mature seed dry mass (Horbowicz and Obendorf, 1994) . It has been suggested that these compounds are involved in the acquisition of seed vigour and serve as storage carbohydrates which are subsequently remobilized during germination (Vandecasteele et al., 2011 ; for a review, see Peterbauer and Richter, 2001) . Analysis of correlations between metabolites in the developing coffee seed provided evidence for a tight link between RFO mobilization and CWSP accumulation during peak CWSP synthesis, suggesting a novel role for raffinose and stachyose in the metabolism of CWSPs. This hypothesis was strengthened by the significant quantitative co-expression of GolS, which codes for the enzyme catalysing the first reaction of the RFO pathway, along with key CWSP biosynthetic genes. It is worth mentioning that GolS activity has been shown to be positively correlated with total RFO content in the leaves and seeds of a wide range of plant species (Handley et al., 1983; Saravitz et al., 1987) . Finally, it was shown that GolS transcript levels were also significantly correlated with the amount of CWSPs stored in the coffee endosperm at mid-development.
The converging evidence for a role for RFOs in CWSP biosynthesis does not clarify the nature of the role. Nonetheless, the diagram in Fig. 3 suggests the intermediate position of UDP-gal between sucrose cleavage and galactomannan biosynthesis and consequently suggests that the carbon flux from sucrose to galactomannan can theoretically be diverted towards RFOs. The effects of the coldest environments on sugar and transcript profiles in the developing coffee seed (Fig. 1 ) may also help clarify the role of RFOs. Indeed, since a delay in CWSP biosynthesis was observed under cool temperatures, one may hypothesize that the conversion of fructose and UDP-glucose into GDP-man and UDP-gal nucleotide sugars is higher than their incorporation into galactomannans at low temperatures. As the pool of nucleotide sugars needs to be kept low, the metabolism of RFO may be up-regulated to buffer excess UDP-galactose. Interestingly, RFO contents are known to increase during cold acclimation in vegetative tissues (Bachmann et al., 1994; Cunningham et al., 2003; Peters and Keller, 2009 ). These effects have also been observed in mature buckwheat seeds, which contained three times more stachyose when grown at 18 °C than at 25 °C (Horbowicz et al., 1998) . It is also worth mentioning that most of the reactions involved in the metabolism of RFOs are reversible and may therefore be involved in the remobilization of RFOs towards galactomannans later in seed development.
Like RFOs, sorbitol accumulated transiently at the peak of CWSP biosynthesis in the developing endosperm and its level was negatively correlated with that of CWSPs. The hypothesis that sorbitol plays a role in CWSP metabolism is also reinforced by the significant correlations identified between expression levels of SDH, SUSY, and ManS, as well as between SDH transcripts and CWSP amounts. As for RFOs, one may hypothesize that sorbitol accumulates at low temperatures when sucrose cleavage exceeds the incorporation of its downstream products into CWSPs. This would imply a remarkable role for sorbitol in the sugar metabolism of seeds. Indeed, with the exception of Rosaceae, in which sorbitol is the main translocatable photosynthate, sorbitol is generally thought to be of minor importance in the metabolism of seeds. However, it has been shown that fructose resulting from sucrose cleavage may also be converted into sorbitol in the maize endosperm (Doehlert, 1987) and that the reversible activity of SDH plays a key role in the metabolism of Metabolites and genes whose transcript levels were positively correlated with CWSP amounts are in red, whereas genes and metabolites that were negatively correlated with CWSP are in blue. Abbreviations for gene names: CeS, cellulose synthase; CWIN, cell-wall invertase; α-Gal, α-galactosidase; GolS, galactinol synthase; GMGT, galactomannan galactosyltransferase; HT, hexose transporter; INV, invertase; β-man, β-mannosidase; ManS, β-1,4-mannan synthase; MGT, mannose-1P guanyltransferase; MIOX, myo-inositol oxygenase; MIPS, myo-inositol 1-phosphate synthase; RS, raffinose synthase; SDH, sorbitol dehydrogenase; SPP, sucrose phosphate phosphatase; SPS, sucrose phosphate synthase; SS, stachyose synthase; ST, sugar transporter; SUSY, sucrose synthase; SUT, sucrose transporter; UG4E, UDP-glucose 4´-epimerase; UGDH, UDPGlc dehydrogenase. Abbreviations for metabolites: Fru-6P, fructose-6-phosphate; GDP-Man, GDP-mannose; RFOs, raffinose family oligosaccharides; UDP-Gal, UDP-galactose; UDP-Glc, UDP-glucose; UDP-GlcA, UDP-glucuronic acid.
sorbitol in this tissue (de Sousa et al., 2008) . Whether RFOs and sorbitol play a similar role in other galactomannan-rich seeds remains to be determined. Recent RNA-Seq profiling of developing fenugreek seeds did not reveal a marked upregulation of SDH and GolS at the onset of galactomannan accumulation .
Restricted connectivity between transcript and metabolite levels in sucrose metabolism
The significant correlations observed between transcript levels of SUSY1 and those of many genes of the CWSP pathway indicate that sucrose cleavage and CWSP biosynthesis are transcriptionally co-regulated in a remarkable manner in the developing coffee endosperm (Fig. 3) . In contrast, the metabolism of sucrose displayed no transcriptional coordination at the peak of CWSP biosynthesis, and the large amounts of sucrose measured in the endosperm during development were not connected with sucrose-related gene transcription. The apparent absence of transcriptional regulation of sucrose metabolism may at first sight be surprising in a tissue that accumulates such large amounts of polysaccharides and for which many genes involved in carbohydrate metabolism have been shown to be under strong developmental control (Joët et al., 2009) . However, the same trend is observed in Arabidopsis and potato leaves and the tomato fruit, in which very weak correlations or no correlations at all were found between sugar-related transcript, enzyme, and metabolite levels (Gibon et al., 2004; Urbanczyk-Wochniak et al., 2005; Carrari and Fernie, 2006; Piques et al., 2009; Steinhauser et al., 2010) . Other modes of regulation may therefore be involved in the sucrose status of the developing coffee endosperm. Post-transcriptional regulation has already been suggested by Geromel et al. (2006) to explain the considerable time lag observed in the developing coffee seed between transcript and enzymatic peaks at several key steps in sucrose metabolism. Major post-transcriptional and posttranslational regulations have been demonstrated for sugar transporters and sucrolytic enzymes in model plants (Weber et al., 1997; Williams et al., 2000) . Besides, final amounts of sucrose in the mature seed not only depend on the balance between sucrose import and cleavage, but also involve local neo-synthesis as shown in the coffee endosperm using 14 C feeding experiments (Geromel et al., 2006) .
Accumulation of CWSP is primarily controlled at the transcriptional level
In the present work, the growing environment was used as a source of transcriptional variation to investigate the synthesis of CWSPs. A dense module of nine carbohydrate-related genes, quantitatively co-expressed at mid-development (i.e. the period for CWSP accumulation), was identified. Moreover, for most of these genes, transcript levels were significantly correlated with amounts of CWSPs stored at the same developmental stages. Because this set of co-expressed genes is functionally coherent-it contains the five genes of the core galactomannan synthetic machinery, ManS, GMGT, α-Gal, MGT, and UG4E-it is suggested that it may function as a regulon.
Because CWSPs are deposited in the secondary wall of endosperm cells, the present findings strikingly recall that secondary wall cellulose and hemicellulose biosynthesis is one of the best documented examples of a process relying on a module of co-expressed genes (Brown et al., 2005; Persson et al., 2005; Ambavaram et al., 2011) . The examination of regulon organization of Arabidopsis, based on the meta-analysis of multiple microarray experiments, also indicated that genes involved in secondary cell wall biosynthesis form a regulon with high functional coherence (Mentzen and Wurtele, 2008) . Cellulose biosynthesis is also one of the most successful examples of pathway for which novel genes have been identified through co-expression analysis (Persson et al., 2005) . Remarkable discoveries regarding the transcriptional regulation of secondary wall biosynthesis have been made. In particular, several transcription factors in the NAC and MYB families, and more recently an AP2/ERF transcription factor, have been shown to be the key switches for activation of secondary wall biosynthesis (Zhong et al., 2010; Ambavaram et al., 2011) .
Large transcriptomic data sets are still not available in fenugreek or coffee, thus preventing the identification of the TFs governing endosperm CWSP synthesis through co-expression meta-analysis. However, the present analysis of the coffee seed transcriptome provides a list of candidates that putatively control galactomannan accumulation. None of them was a MYB or NAC factor. In contrast, an AP2/ERF, a LIM, as well as two B3 domain TFs co-clustered with galactomannan biosynthetic genes (cluster C11) and were dramatically upregulated between stages 4 and 5. Interestingly, an AP2/ERF TF was also up-regulated in developing fenugreek seeds at the stage when they accumulate galactomannans (Fenugreek contig M01000010427, available at http://glbrc.bch.msu. edu/fenugreek/; Naoumkina et al., 2007; Wang et al., 2012) . Quite noticeably, this TF (a DREB2 factor similar to the AT1G75490 Arabidopsis gene) displays high sequence similarity to the one detected in coffee (first reciprocal hit from BLAST, E-value=8e-42; 76% predicted amino acid identity on a conserved sequence length of 105 amino acids). An interesting result is also the detection of a LIM factor since this TF has been shown to be involved in lignin deposition in secondary walls (Kawaoka et al., 2000) . Finally, among the two B3 domain TFs, FUS3 is known to be one of the master regulators of seed maturation and reserve deposition (Santos-Mendoza et al., 2008) . The latest advances in shortening and optimizing the coffee Agrobacterium tumefaciens-mediated transformation protocol open up new perspectives for routine functional validation of candidate genes (Ribas et al., 2011) . This should make it possible to confirm or invalidate the role played by these TFs in galactomannan biosynthesis in the near future.
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